Punch shear in unidirectional composites is induced by transverse shear loading that progressively perforates the laminate within a narrow shear annulus. At lower micromechanical length scales, punch shear loading creates unique micromechanical damage mechanisms dominated by transverse fiber shear failure, fiber-matrix interphase debonding and large inelastic deformation and cracking of the matrix. A new punch shear experimental method has been developed to test unidirectional S glass/DER353 epoxy composite ribbons at sub-millimeter length scale. The experimental data consist of a statistical measurement of the continuum response (load-deformation and punch shear strength) and the characterization of micromechanical damage modes. A simplified 2D micromechanical finite element model incorporating Weibull fiber strength distribution has been developed and correlated with the experimental data. The 2D micromechanical finite element model can simulate the punch shear failure of the ribbon incorporating mixed mode fiber fracture, and fiber-matrix debonding mechanisms using zero thickness cohesive elements. Results from stochastic simulations of punch shear experiments show that an equivalent 2D micromechanical finite element model can predict the micromechanical damage mechanisms and the statistical distribution of punch shear strength of the continuum with favorable correlation with the experiments. This paper presents a combined experimental and computational approach in simulating the stochastic non-linear progressive punch shear behavior of unidirectional composites for the first time in the literature.
Introduction
Punch shear experiments measure the perforation resistance of materials such as metal and concrete. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] These punch shear experimental techniques have been adopted by the authors (Figure 1(a) ) [11] [12] [13] [14] [15] [16] in quantifying the quasistatic penetration and perforation of composites. Perforation resistance is reported as punch shear strength (PSS, X PS ) and is defined as the maximum failure load divided by the punch shear area. Experimentally, shear failure is achieved by using a support fixture with a diameter (D S ) slightly larger than the punch diameter (D P ) at a span to punch ratio, SPR ¼ D S =D P % 1:00. 16 Punch shear damage mode in composites consists of transverse shear fracture of fibers and matrix (Figure 1(b) ), matrix cracks, and fiber-matrix debonding. PSS is much higher than the transverse interlaminar shear strength measured from V-notch specimens (ASTM D5379) that typically do not cause fiber fracture.
PSS has been shown to be a key material parameter in continuum modeling of the penetration and perforation behavior of composites (e.g. LS-DYNA progressive composite damage material model MAT162). Average PSS of bulk woven composites has been widely reported by the authors 17, 18 and relies on parametric models and calibration experiments of a multi-layer composite considered as a homogenous material. However, inspection at the micro-mechanical level of a layer subjected to punch shear loading and penetration shows that damage evolution is very heterogeneous and occurs at a smaller length scale.
Punch shear damage of the S-2 glass/SC15 [0/90] laminate presented in Figure 1 (b) clearly shows that punch shear damage progressively fails individual fibers and surrounding matrix around the punch circumference within a single tow/layer. This clearly shows why the current state-of-the art has relied exclusively on experimental methods. Continuum level modeling approaches for predicting these damage modes are limited since one cannot readily identify a representative volume element within this very localized damage zone. To predict PSS during progressive perforation of a composite tow or layer as a function of the constituent properties and observed damage modes, one needs to develop a new approach at lower length scales.
The main objective of this research is to predict the non-linear progressive damage behavior of unidirectional composites using micromechanical finite element analysis. In achieving this objective, (i) a novel micro punch shear test methodology has been developed; (ii) experiments have been conducted on unidirectional composite ribbons; and (iii) a two-dimensional (2D) micromechanical finite element model is developed for correlation with experimental measurements. The model considers mixed-mode fiber fracture and fibermatrix debonding using zero-thickness mixed-mode cohesive elements, and an elastic-plastic material model for the epoxy matrix. The model incorporates Weibull fiber strength distribution and is used to predict the stochastic PSS of the continuum. The finite element model predictions compare favorably with experiments. A computational methodology for predicting the progressive punch shear behavior of UD composites is presented. 
Experimental

Materials and processing of unidirectional composite ribbons
AGY S glass
Õ roving with GPS sizing (463-AA-1250) has been provided by Owens Corning. A sub-tow consisting of about 400 S glass fibers is placed in a machined channel of width and depth of 1.0 mm and 0.060 mm, respectively. DER 353 epoxy resin has been infused into the sub-tow using vacuum-assisted resin transfer molding (VARTM) at room temperature. After 5 h dwell at room temperature, the samples are post-cured at 80 C for 2 h and at 150 C for 2 h. 19 Asmanufactured UD ribbons are sectioned and scanning electron microscopy (SEM) has been performed in determining the cross-sectional area and fiber volume fractions (FVFs) of each individual UD ribbon tested. Figure 2 (a) shows the cross-section of the S glass/DER 353 epoxy UD composite ribbons from which the crosssectional area, number of fibers, diameter of each fiber, and the fiber volume fraction (v f ) of each ribbon have been calculated using the image processing software ImageJ. The four specimens presented in Figure 2 Three sources of variability have been identified and include the random packing geometry (that affects local FVF), fiber diameter and fiber tensile strength. The random packing of the fiber shown in Figure 2 (a) cannot be explicitly accounted for in our 2D model (our approach used the average FVF of 0.47). Figure 2(b) shows the distribution of fiber diameters measured from 109 fibers, with an average diameter of d ¼ 9:58AE 0:54 mm. The coefficient of variation is less than 5.6% and is not considered. In contrast, the length scale effects on fiber strength distribution are significant with mean strength increasing by 200% at realistic length scales (Figure 2(c) ). Figure 2 (c) provides the strength distribution for the S glass fibers based on Weibull distribution given in Gurvich et al. 20 and determined from single fiber fragmentation testing 21 at characteristic lengths on the same order as the shear annulus used for punch shear testing. This is considered a dominant damage mode and is incorporated in the model as discussed below.
In Gurvich et al. 20 the Weibull distribution of S glass strength has been presented in the following form
where f is the fracture stress or tensile strength, L 0 is the reference gage length of the test specimens, and A and are Weibull parameters. Equation (1) can predict the Weibull strength distribution of any specimens of gage length L. Table 1 shows the Weibull parameters of Gurvich et al. 20 for which the model is validated by testing specimens at three gage lengths, i.e. L ¼ 25.4 mm, 12.7 mm, and 5.08 mm with L 0 ¼ 25.4 mm (Figure 2(c) ), alongwith some recent experiments by the authors 21 at two different gage lengths, i.e. L 0 ¼ 16 mm and 0.365 mm. Figure 1 (c) shows these Weibull distribution of S glass strength using the parameters in Table 1 . Using the gage length L 0 ¼ 0.365 mm, equation (1) has been used to predict the Weibull distribution at other gage lengths, i.e. L ¼ 150 mm (0.150 mm), 300 mm (0.300 mm), 450 mm (0.450 mm), and 600 mm (0.600 mm) for use in the present stochastic simulations.
Micro punch shear test method and experimental results
Earlier punch shear test fixtures developed by the authors had a circular cylinder punch and a hollow circular cylinder punch support (Figure 1(a) ), which is not suitable in testing UD composite ribbon specimens. A new 2D punch shear test fixture ( Figure 3 ) has been designed and built to test sub-millimeter thick specimens and is termed as micro punch shear test (mPST) fixture. UD composite ribbon of thickness H can be glue bonded in the specimen holder over the 2D punch support channel width of W S ¼ 3326 mm. The specimen holder can be positioned inside the punch base and the punch cover and guide can be placed on top to lock the specimen holder in place with four bolts. The cross-shaped punch (width of W P ¼ 3020 mm) can be mounted to the load cell and the punch base-cover assembly can be carefully positioned such that the cross-punch can move up and down with high level of accuracy with minimal friction. The gap between the support and punch is known as the annulus and is measured to be a ¼ W S À W P ð Þ =2 ¼ 153 mm. The loading face of cross-punch is orthogonal to the ribbon specimen such that a line load is applied on the ribbon specimen both at the left and right edge of the annulus locations. The width of the specimen W ¼ 1000 mm (along Y-axis, normal to the XZ-plane on Figure 3(d) ) is large as compared to the annulus width a ¼ 153 mm, for which one can assume uniform load in the shear areas (annulus area a Â H). From Figure 3 (d), it is obvious that the deformation of the annulus region is occurring under tension-shear. The total punch load F can be assumed acting on a line at the two edges of the punch at X ¼ AEW P =2. With this nomenclature, the punch shear stress can be defined as PS ¼ F = 2WH ð Þ, and the punch shear strain by PS ¼ u Z =a. These definitions apply to both the experimental measurements and model predictions to Probability, P. allow for the correlation of results. Micro punch shear tests are conducted in an Instron load frame using a 500 N load cell at a punch displacement rate of 0.10 mm/min.
A total of 16 mPST specimens have been tested and the load-displacement data are presented in Figure 4 (a). Cross-sectional area (A PS ) and FVF of each specimen are calculated from the SEM micrograph of the corresponding specimen. The average FVF of the 16 specimens has been calculated to be FVF ¼ 0:47AE 0:03. Figure 4(a) shows the punch-shear load-displacement behavior of 16 specimens and Figure 4 (b) shows the punch-shear stress-strain behavior obtained from the load-displacement data, respectively. From Figure 4 (b), the punch shear effective modulus (G 13 ¼ G PS ) of the continuum composite is estimated in the range 360 5 G PS 5 400MPa, which is shown by three straight lines on Figure 4 (b). Distribution of PSS, X PS , is presented in Figure 4 (c). The average PSS is calculated to be X PS ¼ 117AE 12MPa.
Probabilistic distribution of PSS, X PS , can be expressed with Weibull distribution function (equation (1)), parameters of which for the 16 experimental data are presented in Table 2 . 
Fracture surface analysis using scanning electron microscopy
Fracture surface of punch shear experiments has been investigated using scanning electron microscope ( Figure 5 (a)). The failure plane occurs within the annulus formed by the gap between the punch and support with a normal parallel to the fiber direction. The fracture surface across the entire width and thickness of the specimen ( Figure 5 (b)) has been studied to identify the various micromechanical punch shear damage mechanisms ( Figure 5 Fracture surface analysis using confocal microscopy Punch shear fracture surfaces have also been analysed using confocal microscopy. Confocal laser images of one segment of specimen (Sp#37-Seg#2) are presented in Figure 6 (a). All the micromechanical damage modes presented in Figure 5 are also present in these segments. Confocal laser data also provide the 3D mapping of the fracture surface which is presented in Figure 6 (b). These 3D data can be used to quantify the hills and valleys on the surface along a line. Figure 6 (a) shows a zigzag path from the center of a fiber to the center of another adjacent fiber as marked with solid circles. Every zigzag step consists of information of the fracture surface of the first fiber, any debonding that might have occurred between the fiber and the matrix, the fracture surface of the matrix between the two adjacent fibers, and so on. Figure 6 (c) shows the 2D zigzag line data of seven segments of Sp#37 as relative vertical heights along the zigzag walk path. Similar plots for Sp#38, 39, and 40 have been prepared and included in further statistical calculations. The relative vertical height along a zigzag scanning path presented in Figure 6 (c) is plotted by shifting the average of all data such that the average of the shifted data is at zero. Each line segment data are individually examined for the hills and valleys in order to quantify the length and frequency of the fiber-matrix debonding lengths. Figure 6 (c) shows that the zigzag line profile of Sp#37-Seg#2 is replaced with a series of steps from which the step height (fiber-matrix debonding length, h FMD ) and frequency of Sp#37 to #40 are measured (sample size N ¼ 1301). From this data, the probability density function (PDF) and the cumulative distribution function (CDF) are calculated and is presented in Figure 6 (d) with legend h FMD 5 ¼ 500 mm. PDFs and CDFs are also recalculated for h FMD 5 ¼ 100, 50, and 30 mm ranges, respectively. Even though the PDFs for these reduced ranges of fiber-matrix debonding lengths are visually not very different, the CDFs are significantly different. For computational purpose, the CDFs for h FMD 5 ¼ 50, and 30 mm ranges are fitted with a bi-modal Weibull equation and the parameters are listed in Figure 6(d) .
The annulus size in the experiments is a ¼ 153 mm, while 90% of the fiber-matrix debonding lengths are less than equal to h FMD 30 mm; thus, h FMD 4 30 mm may represent joined cluster of fibermatrix debonding as presented in Figure 5 (c)(ii). Figure 6 (d) reveals that fiber-matrix debonding lengths in the range 1 mm 5 h FMD 30 mm can be used for developing finite element models for stochastic computations. 
Fiber-Matrix Debonding Length, h FMD , μm. Probability Functions, PDF and CDF. 
Since the cross section of the ribbon composite is subjected to tension shear loading, our scaling for equivalent thickness is based on conservation of fiber and resin areas in the cross section in a continuous layer that provides equivalent membrane and transverse shear stiffness and constant ratio of fiber cross section area to fiber-matrix debonding area. The aforementioned conditions can be achieved in an equivalent 2D model with h F ¼ h M ¼ 4:79 mm (total thickness, 6h F þ 7h M ¼ 62:4 mm). A 2D finite element model consisting six fiber regions and seven matrix regions defines the unidirectional composite with FVF v f ¼ 6=13 ¼ 0:4615 is considered in the XZ-plane where the fiber and matrix regions are infinite in the out-ofplane direction Y (Figure 7(a) ). A limitation of this approach is that equivalent bending response cannot be maintained but this is shown to be a secondary consideration compared to retaining accurate transverse shear and tension response in the annulus.
Explicit modeling of fiber fracture, [22] [23] [24] [25] [26] fiber-matrix interface debonding, 27 and matrix plasticity 19 are considered in this model. Considering the computational cost, the fiber segments length of l FS ¼ 5 mm with unique part ID is chosen to model each fiber. Each fiber segment is connected to the adjacent segments with zero thickness cohesive elements representing a predefined crack plane. The fibermatrix interfaces between the fiber and matrix are also defined with zero thickness cohesive elements. The steel fixture consisting of a support, cover, and punch is modeled with a corner radius of R ¼ 10 mm. The support and cover can be moved along the X-axis to define the annulus width a, which may vary from 0 to 200 mm, and they are fixed in space. The punch can move along the Z-axis at a constant displacement rate _ u Z , and all other motions are prohibited. A symmetry boundary condition is defined at the left boundary, while the right boundary of the fiber matrix regions is constrained. A single surface contact with friction is defined for all parts of the model. Elastic-plastic material properties used in this 2D punch shear model are presented in Table 3 . 19 Modeling fiber fracture using zero-thickness cohesive elements
Tensile strength of the glass fiber is dependent on the gage length 20, 21 as shown in Figure 2 (c). Nanoscale surface cracks are present on a glass fiber; however, the stochastic spatial distribution of crack and their dimensions (shape, length, depth, and orientations) has not been well characterized. 28 In our experiments, the characteristic length of stressed fibers is bounded by the fiber-debond length and the annulus width (1 mm to 153 mm). Recent single fiber fragmentation tests conducted on S glass/DER 353 epoxy resins by Ganesh et al. 21 define the Weibull parameters for gage length L 0 ¼ 365 mm (Figure 2(c) ), which is most suitable for our simulations. A sensitivity study is also conducted.
Our approach to modeling fiber failure is based on mixed-mode cohesive traction laws. Hence, we need to translate the Weibull strength distributions for the characteristic gage section into a self-consistent set of traction law parameters that is described by the peak stress at the onset of damage and the correct level of energy absorption for separation (a triangular stressdisplacement form is assumed). Recent molecular simulations 29 on silica glass have revealed that the presence of a nanoscale crack does not change the elastic modulus but the ultimate tensile strength is a strong function of the size of the crack. Using Griffith's energy balance for a through crack in an infinite plate, tensile strength of a glass fiber can be estimated as a function of crack length (equation (2.19) 32 modulus and strength of different glasses are reported in the range E ¼69 to 91 GPa and f ¼3.4 to 4.6 GPa, respectively. Surface cracks of length a ¼ 5 nm to 32 nm (Figure 8 ) cover the full range of statistical strength (3 GPa to 6.5 GPa, Figure 2(c) ) predicted for various elastic moduli. Since the average diameter of the glass fiber is d f ¼ 10 mm and the fiber diameter to crack length ratio is in the range d f =a ¼455 to 1000, explicit modeling of the crack propagation is not practical for each crack. Use of fracture mechanics-based mixedmode cohesive elements in modeling fracture is viable 33, 34 and is used in the present analysis. In the explicit dynamic analysis code LS-DYNA, 33 the mixed mode cohesive elements require several input parameters presented in Table 4 . Peak normal and tangential tractions (T & S) and the corresponding ultimate displacements ( Experimental data on mode II energy release rate for glass fiber are not available in the literature. It is well known in linear-elastic fracture mechanics that materials are more susceptible to mode I fracture. Mode II and mode III loading usually do not lead to fracture as critical energy release rate is generally greater than mode I energy release rate. 30 Thus, it is logical to assume that G IIC ¼ G IC , where the parameter 4 1:0. The peak tangential traction (S) can be estimated from failure theories for isotropic materials. According to maximum shear stress theory (Tresca), material yields when the maximum shear stress is half of the tensile yield stress, i.e. 12 ½ max ¼ y =2 Table 4 .
Modeling fiber-matrix debonding using zero-thickness cohesive elements Fiber-matrix debonding is a micromechanical failure mechanism that follows the tensile fracture of a fiber in a unidirectional composite and dissipates the elastic energy stored in the fiber by creating debonded surfaces, and by frictional sliding between the fiber and the surrounding matrix at the debonded regions. [33] [34] [35] [36] Microdroplet experiments on S glass and DER 353 epoxy resin with GPS sizing (i.e. same constituents used in this study) have been carried out by the authors 37, 38 in determining the traction-separation law for mode II dominated fiber-matrix interface debonding. 39 Table 4 shows the validated cohesive parameters for fiber-matrix interphase obtained through parametric simulations of the micro-droplet experiments 34 and are used in the present simulations.
Modeling the non-linear matrix plasticity
Temperature-dependent high strain rate behavior of DER 353 epoxy resin has been investigated by the authors. 19 Isothermal rate-dependent yield stress of DER 353 epoxy at room temperature (25 C) data is fitted with Cowper-Symonds model, y ¼ y0 f1 þ _ " P =C ð Þ 1=p g, and the parameters are found to be y0 ¼ 75 MPa, C ¼ 150 s À1 , and p ¼ 7. Since the punch-shear experiments have been conducted at quasi-static rate, the effect of temperature is not important, while the resin plasticity is modeled using a yield stress of y ¼ 75 MPa, a tangent modulus of E t ¼ 10 MPa, and with an element erosion strain of 0.700.
Time step, contacts, and probabilistic parameters
All computations have been performed using the double precision explicit solver mpp-dyna 8.0.0. A time step of Át ¼ 0:0159 ns is found suitable for running the models at the displacement rate of _ u Z ¼ 1 m/s (where a quasi-dynamic stress equilibrium is achieved). Present 2D punch shear model consists of 301k nodes and 129k elements, which requires 26 h to run on 84 processors for a time of T ¼ 60ms at _ u Z ¼ 1 m/s displacement rate.
A single surface contact definition has been used for the entire model with all included materials and parts. Mixed-mode fracture of glass fibers at predefined locations has been defined between the two adjacent fiber segments using the automatic one way tiebreak contact with option 9 (the mixed-mode cohesive formulation). In case of fiber segment length l FS ¼ 5 mm, there are 180 fiber segments in each fiber region with 179 predefined fracture planes. A FORTRAN program is written to automatically generate the contact cards for each fracture plane and to randomly assign the value of tractions T & S. For stochastic simulations, these contact cards need to be generated each time with different random seeds which will generate a new statistical assembly of tractions T & S. In defining the fiber-matrix interface, the automatic one way tiebreak contact with option 9 is used at each interface between the fiber and the matrix regions with fixed values of mixed-mode cohesive parameters presented in Table 4 .
Stochastic simulation of punch shear experiments
Weibull strength distribution with reference gage length L 0 ¼ 365mm (0.365 mm) in Ganesh et al. 21 has been used to map the strength distribution with different gage lengths (Figure 2(c) ) to generate a statistical distribution of normal traction T. In order to determine a suitable mapped gage length, two gage lengths, i.e. L ¼ 150 mm and 300 mm have been used to generate the stochastic distribution of normal (T) and tangential (S ¼ 0:65T) tractions in defining the predefined fracture planes between the fiber segments. Figure 9 (a) 21 shows the average and standard deviations obtained from nine stochastic simulations as compared with the experimental values. The mapped distribution of T with gage length L ¼ 300 mm provided better correlation with the experiments. Ten additional stochastic simulations for annulus width a ¼ 150 mm have been conducted in generating a total of 19 different computational punch shear data. Average punch force obtained from the simulation data has been reduced to corresponding engineering punch shear stress-strain plots and is presented in Figure 9 (b).
The 2D stochastic micro punch shear simulation results show progressive punch shear behavior with residual strength retention upto 60% shear strain, which is very similar to what has been observed from the experiments (Figure 4(b) ). Predicted punch shear modulus have been found in the range 363MPa 5 G 13 ½ 2DÀSim 5 423MPa which matches well with the experimental range 360MPa 5 G 13 ½ Expt 5 400MPa. This validates our approach to incorporate equivalent fiber shear area in the 2D model development. PSS (X PS ) values have been calculated and their CDF is plotted along with the experimental data in Figure 9 (c) (Average X PS ¼ 118 AE 19 MPa). The 2D predictions matches well with experimental data at 50% probability with some deviations in the lower and upper range of the PSS values. This deviation is not unexpected due to the many simplifying assumptions in the 2D model (2D layers versus 3D stochastic array of individual fibers, lack of residual stress, etc). The 2D model is sensitive to our assumption of an equal spacing of fiber segments at an interval of l FS ¼ 5 mm, as compared to the statistical distribution of surface cracks spacing. However, the 2D model results are quite promising in light of this being the first study to attempt to predict PSS. Punch shear simulation data fitted with equation (2) provided the following Weibull parameters presented in Table 5 .
Prediction of stochastic punch shear fracture
Punch shear fracture predicted by 2D stochastic punch shear simulations is presented in Figure 10 (a) for 18 simulations. These fracture surfaces have been reconstructed in Figure 10 Reducing the fiber-segment lengths below 5 mm in the simulation would allow for correlation to the experimental measurements of fiber debond lengths over the lower range of the distribution. This will be studied in our future work.
Summary and conclusions
Transverse punch shear failure of composites is a unique damage mechanism which occurs under transverse impact on composite structures. State-of-the-art progressive composite damage model MAT162 in LS-DYNA can model this punch shear damage mode in continuum mechanics length scale which requires extensive experimental quantification of PSS of composites. Composites are made from unidirectional lamina in a laminate or woven with unidirectional tows with a specific weaving architecture. Predicting the non-linear progressive punch shear damage behavior of unidirectional composites at micromechanical length scale is a major accomplishment of this study. In this regard, a combined experimental and computational methodology in stochastic micromechanical modeling of punch shear damage mode of unidirectional composite is presented. For the first time, the methodology can be used to predict PSS and energy absorption as a function of constituent properties for continuum level simulations. The methodology can be used to virtually design new composites with improved penetration resistance as a function of resin, interface and fiber properties as well as fiber volume fraction. The micromechanical failure mechanisms of punch shear damage mode consist of mode II dominated fiber fracture originating from the statistically distributed surface cracks on glass fiber surface, fiber-matrix interface debonding, and non-linear matrix deformation and cracking. In order to capture these micromechanical damage mechanisms, a micro punch shear test method has been developed for testing unidirectional composite ribbons (of cross-section 1000mm Â 60mm) containing about 400 glass fibers (of average diameter d ¼ 9:58 AE 0:54 mm) and about 6 TT fibers, which is an unique experimental technique reported for the first time. Unidirectional composite ribbons (with FVF = 0.47) made from S Glass Õ roving with 463-AA-1250 GPS sizing and DER 353 epoxy have been tested using the developed micro punch shear test fixture and the Weibull parameters for the cumulative distribution of PSS have been quantified (average PSS, X PS ¼ 117 AE 12 MPa). Scanning electron microscopic analysis of the punch shear fracture surface has identified micromechanical damage mechanisms (i.e. mode II dominated fiber fracture, fiber-matrix debonding, and matrix cracks) and evidence of mode II dominated fiber fracture showing the initiation and propagation of cracks on the fracture surface of the glass fiber. Confocal laser microscopic analysis have provided the topology of the punch shear fracture surface from where the distribution of the length of fibermatrix debonding (h FMD ) and their frequency have been quantified.
An equivalent 2D micromechanical model of the 3D micro punch shear experiments has been developed by modeling six TT glass fibers and seven resin segments providing FVF ¼ 0:46. Probabilistic distribution of crack planes in the fibers is placed at an interval of l FS ¼ 5 mm, while zero thickness cohesive laws have been used to model the fiber fracture. Weibull distribution of tensile strengths of S glass fiber with a mapped gage length of L ¼ 300 mm (with reference gage length L 0 ¼ 365 mm) has been used to map the normal traction T and the tangential traction has been calculated using maximum strain energy failure theory, i.e. S ¼ 0:65T. Fiber-matrix debonding is also modeled with zero thickness cohesive laws, while the traction-separation parameters have been taken from experimentally validated simulations of micro-droplet experiments. Large deformation and matrix plasticity of DER epoxy resin are modeled with in-house experimental data using an elastic-plastic material model. Results from stochastic simulations show that the predicted punch shear stressstrain plots are very similar to the experiments showing initial linear region, followed by non-linear softening till the peak failure load, and progressive unloading with residual stress. Predicted range of punch shear modulus is found to be 363MPa 5 G 13 ½ 2DÀSim 5 423MPa, which matches well with the experimental values. Weibull distribution of predicted stochastic PSS X PS (Average X PS ¼ 118 AE 19 MPa) also matches well with the experiments except at the lower and higher range of values. A total of 19 stochastic simulations predicted 19 different fracture patterns, from which the computational fiber-matrix debonding lengths, their frequencies, and the CDF have been calculated.
Predicted CDF of fiber-matrix debonding is compared with experimental measurements and good correlation is obtained. Highest frequency of experimental fiber-matrix debonding length is found to be at h FMD ¼ 3 mm, and thus future modeling effort will consider the fiber segment length of l FS ¼ 3 mm, and is out of the present scope.
A combined experimental and computational methodology for predicting the non-linear progressive punch shear behavior of unidirectional composites using stochastic micromechanical finite element model have been developed (Figure 11 ) and presented for the first time in literature. Figure 11 . Methodology for stochastic micromechanical modeling of punch shear damage of unidirectional composites.
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